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Homeostatic processes have been proposed to
explain the discrepancy between the dynamics of
synaptic plasticity and the stability of brain function.
Formsof synaptic plasticity such as long-termpoten-
tiation alter synaptic activity in a synapse- and cell-
specific fashion. Although network-wide excitation
triggers compensatory homeostatic changes, it is
unknown whether neurons initiate homeostatic
synaptic changes in response to cell-autonomous
increases in excitation. Here we employ optogenetic
tools to cell-autonomously excite CA1 pyramidal
neurons and find that a compensatory postsynaptic
depression of both AMPAR and NMDAR function
results. Elevated calcium influx through L-type
calcium channels leads to activation of a pathway
involving CaM kinase kinase and CaM kinase 4 that
induces synaptic depression of AMPAR and NMDAR
responses. The synaptic depression of AMPARs but
not of NMDARs requires protein synthesis and the
GluA2 AMPAR subunit, indicating that downstream
of CaM kinase activation divergent pathways regu-
late homeostatic AMPAR and NMDAR depression.
INTRODUCTION
The balance of incoming excitatory and inhibitory synaptic
activity governs the firing output of a neuron by controlling
moment-to-moment fluctuations in membrane potential.
Although synaptic plasticity can alter this balance and change
neural activity on short time scales, over long time periods
mean firing rates in pyramidal cells remain highly stable (Buzsaki
et al., 2002). One well-studied form of synaptic plasticity, long-
term potentiation (LTP), presents a theoretical problem for neural
stability. LTP is triggered by correlated pre- and postsynaptic
spiking and increases the strength of excitatory glutamatergic
synapses in a synapse-specificmanner. Since correlated spiking
triggers LTP, the increased firing expected to result from LTP
could initiate a runaway positive feedback cycle of further LTP
and increased firing (Turrigiano and Nelson, 2000). Synaptic
homeostasis has been hypothesized to restrain runaway plas-
ticity and stabilize neural activity (Burrone and Murthy, 2003;512 Neuron 68, 512–528, November 4, 2010 ª2010 Elsevier Inc.Davis, 2006; Turrigiano and Nelson, 2000). In synaptic homeo-
stasis, global alterations of synaptic strength are thought to
compensate for deviations from optimal levels of neural activity
(Burrone and Murthy, 2003; Turrigiano and Nelson, 2000).
Bidirectional homeostatic responses compensate for activity
perturbations in both peripheral and central neurons. At the
neuromuscular junction, inhibition of postsynaptic receptor
function triggers a presynaptic increase in neurotransmitter
release that restores muscle depolarization (Davis, 2006; Frank
et al., 2006). In cortical and hippocampal neurons, network-
wide blockade of spiking or glutamate receptor function induces
compensatory enhancement of pre- or postsynaptic function
(O’Brien et al., 1998; Thiagarajan et al., 2005; Murthy et al.,
2001; Turrigiano et al., 1998). Similarly, elevating network activity
with GABA receptor antagonists causes compensatory reduc-
tions of synaptic function (O’Brien et al., 1998; Turrigiano et al.,
1998). Homeostatic systems are thought to require molecules
to sense perturbations of activity, to execute compensatory
changes and to couple these functions (Davis, 2006; Turrigiano,
2008). Several molecules, including dysbindin, ephexin, CaM
kinases, and Arc have been implicated in these roles in the
homeostatic response to activity blockade (Dickman and Davis,
2009; Frank et al., 2009; Ibata et al., 2008; Shepherd et al., 2006;
Thiagarajan et al., 2002). Homeostatic responses to elevated
activity require Polo-like kinase 2, which couples sensor activa-
tion and execution of compensatory changes (Seeburg et al.,
2008). However, less is known about the mechanism by which
a homeostatic program might sense elevated activity or execute
compensatory responses to elevated activity. CaM kinases are
attractive candidates for the homeostatic sensor of elevated
activity, since pharmacological or genetic inhibition of CaM
kinases occludes homeostatic responses to activity blockade
(Haghighi et al., 2003; Ibata et al., 2008; Thiagarajan et al.,
2002). Altered AMPA receptor (AMPAR) expression is thought
to underlie the execution of homeostatic plasticity (Ibata et al.,
2008; O’Brien et al., 1998; Turrigiano et al., 1998). Knockdown
of theGluA2 AMPAR subunit (formerly known asGluR2) prevents
synaptic scaling up after activity blockade (Gainey et al., 2009). It
is unknown what role specific AMPAR subunits might play in
homeostatic responses to elevated activity. Bidirectional,
compensatory alterations of NMDAR surface expression and
synaptic localization in response to activity perturbations have
been documented using immunochemical and imaging tech-
niques (Mu et al., 2003; Rao and Craig, 1997). However, very
few studies have demonstrated functional alterations of synaptic
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Cell-Autonomous Homeostatic Synaptic DepressionNMDARs in homeostatic plasticity (Watt et al., 2000), and it is
unclear if common or distinct signaling pathways regulate AM-
PARs and NMDARs.
Inhibition of activity in individual pyramidal neurons using
either local TTX perfusion (Ibata et al., 2008) or expression of
the potassium channel Kir2.1 (Burrone et al., 2002) induces
compensatory increases in synaptic function. Enhancing activity
in individual neurons can alter axon initial segment position,
a marker of intrinsic excitability (Grubb and Burrone, 2010).
However, homeostatic changes in synaptic function in response
to elevated activity have only been studied using network-wide
manipulations. It is thus unknown if the sensors that detect
elevated activity and initiate compensatory alterations of
synaptic function are contained within individual neurons, or
whether collective network activation or nonneural signals
such as TNFa (Stellwagen and Malenka, 2006) are necessary
for homeostatic responses to elevated activity. This question is
especially important in order to address whether synaptic
homeostasis can respond to synapse-specific forms of synaptic
potentiation such as LTP. Additionally, a mechanistic under-
standing of homeostatic responses to elevated activity will
help identify how these processes might go awry in diseases
of excess neural activity such as epilepsy.
To test whether neurons homeostatically respond to cell-
autonomous increases in activity, we employed an optogenetic
excitation system using photostimulation of Channelrhodopsin
2 (ChR2)-expressing CA1 pyramidal neurons. We find that
a compensatory synaptic depression of both AMPAR and
NMDAR responses occurs after 24 hr of stimulation and involves
a postsynaptic elimination of synapses. We show that calcium
influx through L-type voltage gated calcium channels is required
for the synaptic depression. Increased calcium influx, elicited
either by ChR2-photostimulation or enhanced network synaptic
activity, induces compensatory depression through a pathway
involving CaMKK, CaMK4 and protein translation. CaMKK and
CaMK4 activation regulate both AMPAR and NMDAR depres-
sion. However, downstream of CaMK4 activation, divergent
signaling pathways control the depression of AMPARs and
NMDARs. These results outline amolecular mechanismwhereby
neurons can cell-autonomously sense and respond to elevated
activity. Further, cell-autonomous optogenetic manipulation
represents a robust new method for the study of synaptic
homeostasis.
RESULTS
Excitation System Design
To render neurons excitable by light, we expressed the algal
light-gated cation channel ChR2 in organotypic rodent hippo-
campal slices using sparse biolistic transfection (Nagel et al.,
2003; Boyden et al., 2005; Zhang and Oertner, 2007). By doing
so, depolarization of ChR2-expressing neurons can be tuned
with light illumination of varying intensity and timing (Boyden
et al., 2005). We used organotypic slices because: (1) they facil-
itate long optical and pharmacological manipulations; (2) they
allow simultaneous dual whole-cell recording to rigorously
compare synaptic transmission between control and genetically
manipulated neurons; and (3) they retain much of the nativehippocampal architecture and are considered to maintain more
native cellular properties than dissociated culture (Caeser and
Aertsen, 1991).
To validate our photostimulation method as a tool to chroni-
cally excite neurons, we first characterized the direct effect of
light stimulation on ChR2-transfected pyramidal cells. ChR2-
transfected CA1 pyramidal cells were identified by mCherry
fused to ChR2. As expected, light pulses evoked inward currents
(Figure 1A) in ChR2-transfected neurons (blue trace) voltage-
clamped at negative holding potentials, but not in simultaneously
recorded control cells (black trace). In selecting a stimulation
protocol, we explored frequencies (1–3 Hz) that roughly double
to quadruple average firing frequency recorded in CA1 neurons
(1 Hz), but which are below peak firing rates (10 Hz) (Ahmed
and Mehta, 2009). We used 50 ms pulses to mimic the long
depolarization that underlies complex spike bursts (Kandel and
Spencer, 1961), which encompass a substantial proportion of
total spikes recorded in vivo (Harris et al., 2001). To observe
the effect of light pulses on ChR2-transfected membrane poten-
tial and on overall slice activity, we performed simultaneous
current-clamp recordings from ChR2-transfected and control
neurons. Transfected neurons faithfully followed trains of 3 Hz
50 ms light pulses with trains of large EPSP-like depolarizations
(Figure 1B). By contrast, minimal activity was synchronously
evoked in control cells, even though transfected neurons
presumably release neurotransmitter in response to depolariza-
tion-triggered action potentials. This is most likely due to the
extremely low efficiency of biolistic transfection (typically 1–10
pyramidal cells/slice) and consequent low probability of any
given control cell receiving synapses from a ChR2-transfected
cell.
Cell-Autonomous Effects of Chronic Excitation
on Excitatory but Not Inhibitory Synapses
To examine whether ChR2 expression, in the absence of light,
altered the amplitude of synaptic currents, we compared
synaptic responses to a shared presynaptic Schaffer collateral
input on adjacent ChR2-transfected and control neurons (see
diagram in Figure 1C). There was no change in AMPAR
responses recorded at 70 mV (AMPAR Itransfected/Icontrol =
1.07 ± 0.18; n = 12 pairs; p > 0.75; Figure S1A available online).
Similarly, NMDAR-mediated currents in compound EPSCs
at +40mV,measured 100ms poststimulus, were also unaffected
(NMDAR Itransfected/Icontrol = 1.03 ± 0.36; n = 12; p > 0.9).
To examine the effect of chronic excitation on synaptic
responses, we stimulated ChR2-transfected slices with 50 ms
blue light pulses at 3 Hz for 12 or 24 hr, then measured synaptic
responses. After 12 hr of light stimulation, neither AMPAR nor
NMDAR currents significantly decreased in ChR2-transfected
relative to adjacent control neurons (Figure S1A). After 24 hr of
light stimulation, however, both AMPAR (Itransfected/Icontrol =
0.48 ± 0.05; n = 37; p < 105; Figure 1D1) and NMDAR responses
in compound EPSCs (Itransfected/Icontrol = 0.40 ± 0.07; n = 27;
p < 0.0005; Figure 1D2) were profoundly depressed in
ChR2-transfected, photostimulated neurons. (Hereafter, we
refer to ChR2-transfected neurons in slices photostimulated for
24 hr as ‘‘photostimulated neurons’’) We also measured isolated
NMDAR responses in photostimulated neurons in the presenceNeuron 68, 512–528, November 4, 2010 ª2010 Elsevier Inc. 513
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Figure 1. Twenty-Four Hour Photostimulation Induces Depression of AMPAR and NMDAR Synaptic Responses in CA1 Pyramidal Cells
(A) Voltage-clamp recording at 70 mV of inward current induced by 50 ms blue light pulse on ChR2-transfected CA1 pyramidal cell (blue trace) and simulta-
neously recorded control cell (black trace). Scale bar represents 50 ms, 100 pA.
(B) (Left) Single sweep from simultaneous current-clamp recording of ChR2-transfected and control cell. Blue light pulses elicit sustained trains of depolarizations
in ChR2 cells. Scale: 333 ms, 25 mV. (Right) Average of 80 traces during 50 ms light pulses from different ChR2- and control cell pair, recorded simultaneously.
Light does not evoke synaptic activity in the control cell. Scale bar represents 100 ms, 25 mV.
(C) Recording configuration. Synaptic responses to a shared presynaptic input in ChR2-transfected and control neurons are compared using simultaneous
whole-cell recording.
(D) Scatter plot of EPSCs from single pairs (open circles) and mean ± standard error of mean (SEM) (red circle) of simultaneously recorded ChR2-transfected
(Stim) and control neurons (Ctrl) from slices photostimulated 24 hr with 50 ms light pulses at 3 Hz. Photostimulation causes a significant depression of both
AMPAR andNMDAR responses in ChR2-transfected neurons. Insets are representative traces. (D1) AMPAR EPSCs recorded at70mV. (D2) Compound EPSCs
recorded at +40 mV. NMDAR response is measured 100 ms after stimulus. (D3) Pharmacologically isolated NMDAR response recorded at +40 mV, measured at
peak. Scale bars represent: D1: 50 ms, 10 pA; D2: 100 ms, 20 pA; D3: 100 ms, 50 pA. *p < 0.05, **p < 0.01; ***p < 0.001.
(E) No change in decay time constants of NMDAR responses. Inset: representative scaled NMDAR responses. Scale bar represents 100 ms.
(F) Scatter plot of IPSCs. IPSCs were elicited with stimulating electrodes positioned either in stratum pyramidale or radiatum. Open circles represent single pairs,
closed circles mean ± SEM. Graph shows normalized mean amplitude ± SEM for pooled IPSCs; there is no significant change in IPSC amplitude in ChR2-trans-
fected neurons versus control neurons. Scale bar represents 100 ms, 300 pA.
(G) Input resistance, measured using Cs- or K-based internal solution. There is no significant difference between photostimulated and control neuron input resis-
tance in either condition.
(H) Photostimulated neurons have a significantly more depolarized threshold for action potential threshold. (Left) Representative traces, showing response to
minimal current injection necessary to elicit action potentials in control and photostimulated neuron. Scale bar represents 200 ms. See also Figure S1.
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Cell-Autonomous Homeostatic Synaptic Depressionof NBQX and found similar results (Itransfected/Icontrol = 0.55 ±
0.08; n = 35; p < 0.0002; Figure 1D3). Since synaptic activity
can alter NMDAR subunit composition and decay kinetics
(Bellone and Nicoll, 2007) we measured the decay time constant
of isolated NMDAR responses to determine if any similar alter-
ation of subunit composition occurred in response to photosti-
mulation. However, we found no difference in NMDAR decay
time constants between photostimulated and control cells
(control: 0.20 ± 0.01 s; transfected: 0.20 ± 0.01 s; Figure 1E).
Stimulation at 1 Hz for 24 hr also induced synaptic depression
of both AMPAR and NMDAR responses (Figure S1A). We used
3 Hz stimulation for all subsequent experiments since it
produced more robust effects.
Chronic enhancement of hippocampal network activity trig-
gers alterations in inhibitory GABAR synaptic transmission
(Otis et al., 1994; Wierenga and Wadman, 1999). In parallel with
compensatory changes in excitatory transmission, these
compensatory alterations in inhibition have been hypothesized
to help restrain neural activity (Turrigiano and Nelson, 2000).
To determine if cell-autonomous enhancement of activity can
modify inhibitory strength, wemeasuredGABAR IPSCs in photo-
stimulated neurons by recording currents evoked by direct stim-
ulation of inhibitory cells either in stratum radiatum or pyramidale
in the presence of the AMPAR and NMDAR antagonists NBQX
and D-APV. We did not observe changes in inhibitory currents
originating from either layer (radiatum Itransfected/Icontrol = 0.93 ±
0.39; n = 10; p > 0.6; pyramidale Itransfected/Icontrol = 1.09 ± 0.31;
n = 10; p > 0.45; Figure 1F).
Chronic alterations in activity have also been shown to induce
compensatory changes in intrinsic excitability (Desai et al.,
1999). To assess whether cell-autonomous excitation can drive
such changes, wemeasured action potential threshold in control
and photostimulated neurons. Photostimulated neurons
required greater depolarization to fire action potentials than
control neurons (control: 27.9 ± 0.6 mV; n = 14; transfected:
24.2 ± 1.1 mV; n = 14; p < 0.001; Figure 1H). This result agrees
with a recent study (Grubb and Burrone, 2010) that found that
cell-autonomous excitation elicited a shift in axon initial segment
position, which in turn correlates with action potential threshold.
Input resistance, measured at 70 mV, was not significantly
different between photostimulated and control neurons
(Figure 1G). Together, these results demonstrate that neurons
engage a precise and coordinated set of homeostatic changes
in response to cell-autonomous excitation. For the remainder
of the study we focused on compensatory synaptic changes.
We conducted several control experiments to determine
whether nonspecific toxicity played any role in the synaptic
depression. As noted above, input resistance in photostimulated
neurons did not change (Figure 1G) arguing against deterioration
of membrane integrity. Corroborating this result, photostimu-
lated neurons did not show obvious morphological changes
(Figure S1E). To see whether synaptic depression in photostimu-
lated neurons was reversible, we illuminated ChR2-transfected
neurons for 24 hr then allowed them to recover in the absence
of light. Both AMPAR and NMDAR synaptic responses recov-
ered after 4-7 days (Figure S1B). To check for nonspecific effects
of fluorophore excitation on synaptic transmission, we illumi-
nated GFP-expressing neurons with blue light for 48 hr. Therewas no change in synaptic transmission in GFP-expressing
neurons relative to controls (Figure S1C). Compared to GFP,
the mCherry ChR2 tag should bemuch less excited by blue light.
Lastly, we checked for deterioration of neuron health down-
stream of light-induced depolarization by incubating neurons
with an inhibitor of apoptosis, Bax inhibitor peptide V5 (Nikolaev
et al., 2009). Photostimulation-induced synaptic depression was
not affected by the inhibitor (Figure S1D). Altogether, these
results argue against a role for nonspecific cell health deteriora-
tion in the synaptic depression.
Postsynaptic Expression Mechanism of Chronic
Photostimulation-Induced Depression
The depression of AMPAR and NMDAR currents in chronically
photostimulated neurons could be due to either pre- or postsyn-
aptic changes. Since both AMPAR and NMDAR currents were
reduced, a reduction in probability of release (Pr) could explain
the parallel depression. Such a decrease in Pr would be accom-
panied by a corresponding increase in paired pulse ratio (PPR),
which is inversely related to Pr (Manabe et al., 1993). However,
no change in PPR between photostimulated and control neurons
wasobserved (PPR transfected=1.60±0.1; PPRcontrol = 1.58±
0.09; n=15;p>0.9; Figure2A). AsanadditionalmeasureofPr,we
compared the rate of decay of NMDAR responses between pho-
tostimulated and control neurons in the presence of the use-
dependent NMDAR antagonist MK-801. Since MK-801 only
blocks receptors that are opened by presynaptic neurotrans-
mitter release, the rate of receptor blockade is proportional to
Pr (Hessler et al., 1993). Similar to the results with PPR, however,
there was no change in the rate of blockade of the NMDAR
response between photostimulated and control neurons
(decaytransfected/decaycontrol = 1.21 ± 0.17; n = 10; p > 0.25;
Figure 2B). These data argue against a change in Pr on photosti-
mulated neurons.
Since there was no apparent change in Pr on photostimulated
neurons, we investigated whether a change in quantal size or
functional synapse number might explain the photostimulation-
induced synaptic depression. We first recorded mEPSCs to
test these possibilities. Photostimulated neurons had a small
but significant reduction in quantal amplitude (control: 11.7 ±
0.5 pA; transfected: 9.6 ± 0.4 pA; n = 24; p < 0.0007;
Figure 2C). More striking, however, was a large reduction in
mEPSC frequency (Control: 0.25 ± 0.07 Hz; Transfected:
0.11 ± 0.01 Hz; n = 13; p < 0.05; Figure 2D). The large reduction
in mEPSC frequency raised the possibility of a reduction of func-
tional synapses, either due to synapse silencing by the complete
loss of AMPARs or structural elimination. Consistent with these
possibilities, photostimulated neurons exhibited a greater
number of synaptic failures than control neurons in minimal
stimulation experiments (failure rate control: 18.1 ± 4.7%; trans-
fected: 31.0 ± 6.3%; n = 17; p < 0.035; Figure 2E). To distinguish
between synapse silencing or structural elimination, we counted
spines on Alexa-dye-filled neurons from photostimulated or non-
photostimulated slices. We observed no change in spine density
between transfected and control cells in nonphotostimulated
conditions (control: 0.56 ± 0.08 spines mm1; transfected:
0.60 ± 0.12 spines mm1; n = 6; p > 0.8; Figure 2F). By contrast,
in photostimulated slices spine density significantly decreased inNeuron 68, 512–528, November 4, 2010 ª2010 Elsevier Inc. 515
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Figure 2. Photostimulation-Induced Synaptic Depression Involves Postsynaptic Synapse Elimination
(A) No significant difference in paired pulse ratio measured in ChR2-transfected and control neurons after 24 hr photostimulation. Left: Sample traces. Scale bar
represents 50 ms, 15 pA.
(B) Plot of averagedNMDAR response amplitude, normalized to first response, versus stimulus number in the presence of the use-dependent irreversible NMDAR
antagonist MK-801. Inset: representative traces showing progressive block of NMDAR currents in the presence of MK-801. Scale bar represents 100 ms, 25 pA.
Right: Time constants for NMDAR current decay for each paired recording. Values for each pair are normalized to the control cell time constant. There was no
significant change between ChR2-transfected and control neurons after photostimulation.
(C) Cumulative distribution of mEPSC amplitudes recorded in the presence of TTX. Right: Representative average mEPSC traces. Scale bar represents 10 ms,
3 pA; graph represents mean ± SEM mEPSC amplitudes. There is a small but significant decrease in mEPSC amplitude in ChR2-transfected photostimulated
neurons.
(D) mEPSC frequency is significantly decreased in ChR2-transfected photostimulated neurons. Left: Representative traces. Scale bar represents 1 s, 10 pA.
(E) Synaptic failures measured during minimal stimulation experiments. Left: Representative histograms showing distributions of noise and post-stimulus ampli-
tudes. Right: Quantification of synaptic failures in paired recordings; there is a significant increase in the number of synaptic failures in ChR2-transfected photo-
stimulated neurons.
(F) Left: Example images of Alexa-dye filled apical dendrites of nonphotostimulated and photostimulated ChR2-transfected neurons. Scale bar represents 5 mm.
Right, top: Quantification of primary apical dendrite spine density in pairs of neurons in nonphotostimulated slices. Right, bottom: Quantification of spine density
in photostimulated slices. There is a significant decrease in spine density in ChR2-transfected neurons relative to control neurons in photostimulated slices.
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Cell-Autonomous Homeostatic Synaptic DepressionChR2-transfected neurons relative to control neurons (Control:
0.51 ± 0.05 spines mm1; transfected: 0.27 ± 0.05
spines mm1; n = 11; p < 0.015). These data suggest that the
decrease in AMPAR andNMDAR synaptic currents in chronically
photostimulated neurons could be due, at least in part, to the
postsynaptic elimination of synapses; it is still possible, however,
that some synapses are functionally silenced but structurally
spared.516 Neuron 68, 512–528, November 4, 2010 ª2010 Elsevier Inc.L-Type Voltage-Gated Calcium Channels Are Necessary
for Photostimulation-Induced Depression
One possible explanation for the photostimulation-induced
synaptic depression could be an NMDAR-dependent LTD-like
effect; photostimulation might elevate NMDAR currents since
photostimulation-evoked depolarization may facilitate NMDAR
channel opening. Arguing against an LTD-like effect, however,
bath applying the NMDAR antagonist D-APV (100 mM) during
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Figure 3. Synaptic Activity and Spiking Are Not Required for Photo-
stimulation-Induced Synaptic Depression
(A) Slices were photostimulated for 24 hr in the presence of D-APV (100 mM).
Scatter plots show AMPAR and NMDAR synaptic currents from ChR2-trans-
fected and control cell pairs, as in Figure 1. AMPAR, NMDAR scale bars repre-
sent 50 ms, 5 pA; 100 ms, 20 pA.
(B) Same experiment as in (A) but including 50 mM D-APV and 20 mM NBQX in
the slice media. Scale bars represent 50 ms, 5 pA; 100 ms, 100 pA.
(C) Same experiment as in (A) but including TTX (1 mM) in the slice media. Scale
bars represent 50 ms, 10 pA; 100 ms, 30 pA.
(D) Summary graph of mean ± SEM EPSC amplitudes, expressed as a ratio
of transfected to control neuron values. There was a significant depression of
both AMPAR and NMDAR synaptic currents in ChR2-transfected photosti-
mulated neurons in all three manipulations. Dashed lines/shaded area
in this and subsequent figures represent mean ± SEM relative synaptic
responses for photostimulated neurons in control conditions (repeated
from Figure 1).
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Cell-Autonomous Homeostatic Synaptic Depressionthe 24 hr photostimulation did not block the depression of
AMPAR (Itransfected/Icontrol = 0.40 ± 0.07; n = 18; p < 10
4) or
NMDAR currents (Itransfected/Icontrol = 0.53 ± 0.16; n = 16;
p < 0.02; Figures 3A and 3D). Similarly, blocking all excitatory
transmission by bath applying both NBQX and APV during pho-
tostimulation did not impair the synaptic depression (Figures 3B
and 3D). Finally, to test a requirement for pre- or postsynaptic
action potentials, we bath applied the sodium channel antago-
nist TTX. TTX did not impair photostimulation-induced synaptic
depression of either AMPARs or NMDARs (Figures 3C and 3D).
Since photostimulation-induced depression can be induced in
the absence of synaptic activity or sodium channel activity, we
next examined voltage-gated calcium channel function, since
these channels should open during light-evoked depolarization.
Bath application of low-dose nickel (100 mM), which selectively
blocks R- and T-type calcium channels (Soong et al., 1993) did
not impair the synaptic depression (Figure 4A), nor did bath
application of u-conotoxin GVIA (1 mM) (Figure 4B), an antago-
nist of N-type calcium channels (Tsien et al., 1988). In contrast,
application of the L-type calcium channel antagonist nifedipine
(20 mM) (Tsien et al., 1988) blocked the synaptic depression of
AMPAR (Itransfected/Icontrol = 1.07 ± 0.19; n = 20; p > 0.85) and
NMDAR (Itransfected/Icontrol = 0.77 ± 0.19; n = 17; p > 0.17) synaptic
currents (Figures 4C and 4D). These data suggest that chronic
heightened calcium influx through L-type calcium channels
drives the synaptic depression. Although calcium flux through
ChR2 cannot be detected by calcium imaging in CA1 pyramidal
neurons (Zhang and Oertner, 2007), we cannot exclude the
possibility that a small amount of calcium flux through the
ChR2 channel itself may contribute to the process of synaptic
depression (Nagel et al., 2003).
Photostimulation-Induced Depression Requires
Transcription and Protein Translation
The long induction period required for photostimulation-induced
synaptic depression (Figure S1) raises the possibility that protein
translation or transcription might be altered. Indeed, treatment
with the translational inhibitors cycloheximide (CXM) (100 mM)
or anisomycin (ANS) (20 mM), or the transcriptional inhibitor
5,6-dichloro-1-b-D-ribobenzimidazole (DRB) (160 mM) blocked
the depression of AMPAR synaptic currents in photostimulated
neurons (CXM Itransfected/Icontrol = 0.96 ± 0.18; n = 17; p > 0.75;
ANS Itransfected/Icontrol = 1.13 ± 0.26; n = 17; p > 0.2; DRB
Itransfected/Icontrol = 0.89 ± 0.22; n = 13; p > 0.85; Figures 5A and
5B). Surprisingly, neither cycloheximide nor DRB blocked the
NMDAR depression (CXM Itransfected/Icontrol = 0.53 ± 0.23;
n = 11; p < 0.05; DRB Itransfected/Icontrol = 0.46 ± 0.1; n = 13;
p < 0.05). Spine density was not affected by DRB treatment,
arguing against a nonspecific occlusion of synaptic depression
(Figure S2). Since 24 hr inhibition of transcription or protein trans-
lationmay reduce ChR2 expression level, we recorded from cells
with high levels of ChR2 as visualized by the mCherry tag;
measured light-evoked currents were similar across conditions
(Figure 5C). Although up to this point our data are consistent
with synapse elimination explaining the parallel depression of
AMPAR and NMDAR function, the sensitivity of AMPAR depres-
sion but not NMDAR depression to cycloheximide or DRB treat-
ment indicates that the phenomena are separable.Neuron 68, 512–528, November 4, 2010 ª2010 Elsevier Inc. 517
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Figure 4. Activation of L-Type Voltage Gated Calcium Channels Is
Required for Photostimulation-Induced Synaptic Depression
(A) Slices were photostimulated for 24 hr in the presence of nickel chloride
(100 mM). Scatter plots show AMPAR and NMDAR synaptic currents from
ChR2-transfected and control cell pairs. Scale bars represent 50 ms, 10 pA;
100 ms, 15 pA.
(B) Same experiment as in (A) but instead including u-conotoxin GVIA (1 mM).
Scale bars represent 50 ms, 20 pA; 100 ms, 20 pA.
(C) As in (A) but including nifedipine (20 mM). Scale bars represent 50 ms,
10 pA; 100 ms, 15 pA.
(D) Summary graph. Depression of AMPAR and NMDAR currents occurred in
ChR2-transfected photostimulated neurons in the presence of nickel chloride
or u–conotoxin GVIA but not nifedipine.
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Cell-Autonomous Homeostatic Synaptic DepressionThe Role of the CaMKK/CaMK4 Pathway
in Excitation-Induced Synaptic Depression
Cellular sensors are essential components of homeostatic
systems (Davis, 2006), and so we explored candidate sensors
that might detect the heightened influx of calcium during chronic
photostimulation-induced depolarization. We tested inhibitors
of several calcium-dependent kinases and phosphatases to518 Neuron 68, 512–528, November 4, 2010 ª2010 Elsevier Inc.investigate the involvement of their respective targets in the pho-
tostimulation-induced synaptic depression (Figure S3). Only the
pan-CaMK inhibitor KN-93 prevented synaptic depression in
photostimulated neurons.
The best known target of KN93, CaMKII, controls synaptic
strengthening during LTP (Lisman et al., 2002; Wayman et al.,
2008). At the Drosophila neuromuscular junction, CaMKII inhibi-
tion occludes the homeostatic response to decreased glutamate
receptor function (Haghighi et al., 2003). In hippocampal
neurons, alterations in neural activity shift the ratio of aCaMKII
and bCaMKII isoforms, and this ratio shift has been implicated
in the homeostatic response to activity suppression (Thiagarajan
et al., 2002). We therefore tested whether blocking CaMKII
inhibits photostimulation-induced synaptic depression by bath
applying the CaMKII inhibitors myristoylated CaMKIINtide
(myr-CaMKIIN, 10 mM) or myristoylated autocamtide-2 related
inhibitory peptide (myr-AIP, 10 mM) during photostimulation
(Chang et al., 1998; Ishida et al., 1995; Sanhueza et al., 2007).
Neither inhibitor blocked the photostimulation-induced depres-
sion of AMPAR or NMDAR responses (Figures 6A–6C). Expres-
sion of CaMKIIN (4–6 days) or AIP (2–4 days) reduced synaptic
AMPAR but not NMDAR responses in transfected neurons
compared to control neurons (Figure 6E; W. Lu and R.A.N.,
unpublished data). Bath application of myristoylated-CaMKIIN
for 1–2 days also decreased the ratio of synaptic AMPAR to
NMDAR responses as compared to neurons in control media,
demonstrating that myr-CaMKIIN penetrates cells (Figure 6D).
This data also implies that photostimulation-induced depression
is not limited by synaptic depression due to perturbation of inde-
pendent molecular pathways.
Given the requirement for protein transcription in photostimu-
lation-induced synaptic depression, we next explored the
involvement of the CaMKK pathway because of its downstream
target CaMK4, which regulates transcription (Wayman et al.,
2008). Bath application of the CaMKK inhibitor STO-609 (3 mM)
during chronic photostimulation blocked the synaptic depres-
sion of AMPAR (Itransfected/Icontrol = 0.84 ± 0.10; n = 41; p >
0.15) and NMDAR synaptic currents (Itransfected/Icontrol = 0.78 ±
0.10; n = 37; p > 0.15; Figures 7A and 7C). We confirmed that
STO-609 specifically inhibits CaMKK in this process by coex-
pressing a STO-609 insensitive mutant CaMKKa, CaMKKL233F
(Tokumitsu et al., 2003), in ChR2-transfected photostimulated
neurons. CaMKKL233F coexpression restored photostimula-
tion-induced synaptic depression in the presence of STO-609
(Figures 7B and 7C).
CaMKK phosphorylates and enhances the activities of CaMK1
and CaMK4 (Wayman et al., 2008). To determine the roles of
these downstream kinases in photostimulation-induced
synaptic depression, we coexpressed dominant negative
constructs for each kinase (Wayman et al., 2006) in ChR2-trans-
fected neurons. For each construct, we compared the effect on
synaptic transmission of expressing the dominant-negative
construct alone versus the combined effect of the construct
and photostimulation. CaMK1DN-expressing cells exhibited
a nonsignificant trend toward reduced AMPAR and NMDAR
currents (Figure 7G). Photostimulation of CaMK1DN-expressing
cells further depressed AMPAR and NMDAR currents (p < 0.05
AMPAR, p < 0.05 NMDAR, Mann-Whitney test, Figure 7G),
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Figure 5. Transcription andProtein Transla-
tion Are Required for Photostimulation-
Induced Synaptic Depression
(A) Scatter plots of synaptic currents from slices
photostimulated 24 hr in the presence of cyclohex-
imide (100 mM). Scale bars represent 50ms, 20 pA;
100 ms, 15 pA.
(B) Summary graph of synaptic data from 5,6-di-
chloro 1-b D-ribobenzimidazole (DRB, 160 mM),
cycloheximide (CXM), or anisomycin (ANS,
20 mM) treated slices.
(C) No decrease in ChR2 expression in recorded
cells after drug treatments. C1: Representative
traces of light pulse-evoked currents in non
drug-treated ChR2-transfected neurons (synaptic
current data in Figure 1) and cycloheximide-
treated ChR2-transfected neurons. Scale bar
represents 50 ms, 150 pA. C2: Graph shows
mean ± SEM light pulse-evoked current in different
conditions. See also Figure S2.
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Cell-Autonomous Homeostatic Synaptic Depressionindicating that photostimulation-induced depression was intact.
Cells expressing CaMK4DN had significantly reduced AMPAR
and NMDAR synaptic currents. However, photostimulation of
CaMK4DN-expressing cells did not further reduce AMPARCa
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Figure 6. Inhibiting CaMKII Does Not
Block Photostimulation-Induced Synaptic
Depression
(A and B) Scatter plots showing data from slices
photostimulated for 24 hr in the presence of myr-
CaMKIIN or myr-autocamtide-2 related inhibitory
peptide (myr-AIP). Scale bars represent (A)
50 ms, 10 pA; 100 ms; 50 pA. (B) 50 ms, 15 pA;
100 ms, 50 pA.
(C) Summary graph showing significant depres-
sion of both AMPAR and NMDAR responses by
photostimulation in the presence of either myr-
CaMKIIN or myr-AIP.
(D) Neurons treated with myristoylated-CaMKIIN
(myr-CaMKIIN; 10 mM; 1–2 days) have decreased
AMPA/NMDA ratios. Left: representative traces
from control (top) or myr-CaMKIIN-treated
(bottom) slices. Scale bar represents 50ms, 10 pA.
(E) Synaptic responses from control- and EGFP-
CaMKIIN-expressing neurons. Synaptic AMPAR
responses are depressed in EGFP-CaMKIIN-ex-
pressing neurons. Scale bars represent 50 ms,
10 pA; 100 ms, 20 pA. See also Figure S3.
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Figure 7. Activation of CaMKK and Its Downstream Target, CaMK4, Is Necessary for Photostimulation-Induced Synaptic Depression
(A) Slices were photostimulated for 24 hr in the presence of STO-609 (3 mM). Scatter plots show AMPAR and NMDAR synaptic currents from pairs of ChR2-trans-
fected and control cell pairs. Scale bars represent 50 ms, 20 pA; 100 ms, 15 pA.
(B) Same as in (A), except ChR2-transfected cells were cotransfected with STO-609 resistant CaMKKL233F. Scale bars represent 50 ms, 20 pA; 100 ms, 25 pA.
(C) Summary graph. There is no significant depression of AMPAR and NMDAR synaptic currents in ChR2-transfected photostimulated neurons in the presence of
STO-609, but there is a significant depression of AMPARandNMDARcurrentswhenChR2-transfected photostimulated neurons are additionally transfectedwith
CaMKKL233F.
(D) Scatter plot showing AMPAR and NMDAR synaptic currents from pairs of control neurons and neurons cotransfected with ChR2 and CaMK4-shRNA (not
photostimulated). Scale bars represent 50 ms, 10 pA; 100 ms, 10 pA.
(E) Same as in (D) except neurons were photostimulated. Scale bars represent 50 ms, 20 pA; 100 ms, 20 pA.
(F) Scatter plot of synaptic responses from control neurons and neurons expressing constitutively active CaMK4 for 2 days. Scale bars represent 50 ms, 15 pA;
100 ms, 20 pA.
(G) Neurons were double-transfected with either ChR2 and dominant-negative CaMK1 or ChR2 and dominant-negative nuclear-localized CaMK4; paired record-
ings of transfected/control neuron pairs were conducted from either nonphotostimulated or photostimulated slices. Data from CaMK4-shRNA expressing
neurons is also included. The relative amplitude of transfected/control neuron AMPAR or NMDAR synaptic currents in the different conditions is plotted. See
also Figure S4.
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Cell-Autonomous Homeostatic Synaptic Depressionimpaired in CaMK4DN expressing cells (CK4DN alone NMDAR
Itransfected/Icontrol = 0.64 ± 0.12; n = 18 versus CK4DN + Photostim
Itransfected/Icontrol = 0.42 ± 0.14; n = 10; p > 0.56). Since domi-
nant-negative kinases may have nonspecific effects, we also
knocked down CaMK4 expression by expressing a CaMK4-
shRNA construct (Ageta-Ishihara et al., 2009; Takemoto-Kimura
et al., 2007). Similar to CaMK4DN, expression of CaMK4 shRNA
depressed synaptic AMPAR and NMDAR responses (Figure 7D).
This synaptic depression could be rescued by expression of
shRNA-proof CaMK4 (Figure S4). However, as with dominant-
negative CaMK4, photostimulation did not further depress
AMPAR or NMDAR responses in neurons expressing CaMK4
shRNA (Figures 7E and 7G). These data indicate that activation
of both CaMKK and its downstream target CaMK4 are required
for photostimulation-induced synaptic depression.
In a simple model, activation of CaMK4 downstream of
CaMKK activation in photostimulated neurons would trigger
synaptic depression. Contrary to this prediction, 2 day expres-
sion of constitutively active CaMK4 (Enslen et al., 1996) potenti-
ated synaptic AMPAR and NMDAR responses (Figure 7F), in
agreement with previous results (Marie et al., 2005). We
conclude that although CaMK4 is necessary for photostimula-
tion-induced synaptic depression, it is not sufficient and instead
is likely to act in concert with other factors.
Beyond CaMKK’s role in photostimulation-induced synaptic
depression, we next asked whether CaMKK also triggers
synaptic depression in response to elevated synaptic activity.
The STO-609 insensitive CaMKKL233F construct allows us to
investigate the role of CaMKK activity in mediating any potential
chronic synaptic-activity driven synaptic depression: by treating
slices with STO-609, we can compare synaptic transmission
between neurons in which CaMKK is blocked (control cells)
and neurons in which CaMKK is spared (CaMKKL233F-express-
ing cells). Using this chemical genetic approach, we first as-
sessedwhether CaMKK regulates synaptic transmission in basal
activity conditions. Synaptic transmission was unchanged
between control neurons and neurons expressing STO-609
insensitive CaMKKL233F (Figure S5A). We then repeated this
experiment but in the presence of STO-609 for 24 hr to block
any CaMKK in control cells. Again there was no difference in
synaptic responses between cells expressing the STO-609
resistant construct and neighboring cells exposed to STO-609
(Figure 8A). These data suggest that CaMKK does not regulate
synaptic transmission in basal activity conditions in organotypic
slices. We next assessed whether enhanced synaptic activity
could drive CaMKK-mediated synaptic depression. We there-
fore increased synaptic activity by adding the GABAAR antago-
nist gabazine along with STO-609 to the slice media. After
24 hr of these elevated activity conditions, cells expressing
STO-609 insensitive CaMKKL233F had significantly reduced
AMPAR and NMDAR synaptic currents relative to control
neurons (Figure 8B). The L-type calcium channel antagonist
nifedipine blocked the synaptic depression of AMPAR
(Itransfected/Icontrol = 0.87 ± 0.19; n = 12; Figure 8C) and NMDAR
responses (Itransfected/Icontrol = 1.12 ± 0.19; n = 10) induced by
elevated synaptic activity in CaMKKL233F-expressing neurons,
consistent with the requirement for L-type calcium channel
activity in photostimulation-induced synaptic depression. Theseexperiments indicate that CaMKK is necessary for synaptic
depression induced by chronically elevated synaptic activity.
To see if the level of CaMKK activation is sufficient to determine
the magnitude of chronic-activity induced synaptic depression,
we overexpressed CaMKKL233F as before but treated slices
with gabazine for 24 hr, excluding STO-609 (Figure 8D). In these
conditions, synaptic AMPAR and NMDAR responses were
diminished in cells overexpressing CaMKK relative to control
neurons, suggesting that increasing CaMKK expression is suffi-
cient to drive additional synaptic depression in response to
elevated synaptic activity conditions.
We next conducted experiments to determine whether the
downstream mechanisms of CaMKK activation in elevated
synaptic activity conditions might share properties with the
mechanisms of photostimulation-induced depression. mEPSC
recordings from CaMKKL233F-expressing cells in slices treated
with STO-609 and gabazine revealed a decrease in mEPSC
frequency compared to control neurons (Figure S5C), similar to
photostimulation-induced depression, although there was no
change in mEPSC amplitude (Figure S5B). PPR did not change
in CaMKKL233F-expressing neurons, also similar to photosti-
mulation-induced depression and arguing against altered Pr
(Figure S5D). Since gabazine treatment and photostimulation
seem to share similar mechanisms, we wondered if they would
cross-occlude. Gabazine treatment did not occlude further
depression induced by photostimulation (Figure S5E), indicating
that compensatory synaptic depression is not saturated when
evoked either by elevated synaptic activity or photostimulation.
The GluA2 AMPAR Subunit Is Necessary for Shuttling
AMPA Receptors Out of Photostimulation-Depressed
Synapses
In a final set of experiments we began to investigate how the
photostimulation-induced synaptic depression might be
executed at the molecular level. Since specific subtypes of AM-
PARs are required for different types of synaptic plasticity (for
example, GluA1 in LTP) (Bredt and Nicoll, 2003), we examined
photostimulation-induced depression in mice lacking GluA1 or
GluA2. In control slices from wild-type mice, photostimulation
induced a depression of both AMPAR and NMDAR currents in
ChR2-transfected neurons (AMPAR Itransfected/Icontrol = 0.43 ±
0.09; n = 13; p < 0.004; NMDAR Itransfected/Icontrol = 0.61 ± 0.20;
n = 12; p < 0.01; Figures 9A and 9D), similar to that previously
observed in rat slices (Figure 1D). Neurons from GluA1 deficient
mice also undergo photostimulation-induced depression as
normal (Figures 9B and 9D). By contrast, photostimulated
neurons from GluA2 deficient mice do not undergo depression
of AMPAR transmission (Itransfected/Icontrol = 1.04 ± 0.15; n = 16;
p > 0.55; Figures 9C and 9D). The photostimulation-induced
depression of NMDAR responses remains intact in GluA2
knockout slices, however (Itransfected/Icontrol = 0.64 ± 0.10;
n = 12; p < 0.035), suggesting that the lack of GluA2 does not
interfere with the mechanisms of photostimulation-induced
synaptic depression upstream of AMPAR removal. Moreover,
this result bolsters the conclusion from DRB or cycloheximide
treatment data that independent pathways diverge downstream
of CaMKK and CaMK4 activation to separately depress AMPAR
and NMDAR function.Neuron 68, 512–528, November 4, 2010 ª2010 Elsevier Inc. 521
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Figure 8. CaMKK Depresses Synaptic Transmission During Chronic Elevated Network Activity
(A) Scatter plot of synaptic currents from pairs of CaMKKL233F-transfected versus control neurons treated for 24 hr with STO-609 (3 mM). Scale bars represent
50 ms, 5 pA; 100 ms, 10 pA.
(B) Same as in (A) except slices were treated for 24 hr with both STO-609 and gabazine (10 mM). Scale bars represent 50 ms, 25 pA; 100 ms, 15 pA.
(C) Same as in (A) except slices were treated with STO-609, gabazine, and nifedipine (20 mM). Scale bars represent 50 ms, 15 pA; 100 ms, 20 pA.
(D) Same as in (A) except slices were treated with gabazine alone. Scale bars represent 50 ms, 10 pA; 100 ms, 30 pA.
(E) Summary graph. See also Figure S5.
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Cell-Autonomous Homeostatic Synaptic DepressionOne possible explanation for the absence of depression of
synaptic AMPAR responses in GluA2-lacking neurons could be
that the mechanism of photostimulation-induced depression
requires selective removal of GluA2-containing AMPARs from
synapses. We therefore assayed the composition of synaptic
AMPARs remaining after photostimulation-induced depression
by measuring synaptic rectification; if the remaining receptors
lacked GluA2, we would expect those synapses to be rectifying.
Synaptic rectification was unaffected by photostimulation, how-
ever (control rectification index: 0.87 ± 0.03; n = 7; photostim:
0.87 ± 0.18; n = 7; Figure 9E), indicating no change in the
GluA2 composition of the remaining synaptic AMPARs.
Finally, we wondered whether all surface AMPARs are inter-
nalized in photostimulation-induced depression, or whether
synaptic AMPARs are selectively removed. To investigate what
happens to extrasynaptic AMPARs, we measured AMPAR
currents in somatic outside-out patches from photostimulated
and control neurons. Glutamate evoked currents were actually522 Neuron 68, 512–528, November 4, 2010 ª2010 Elsevier Inc.enhanced in patches from photostimulated neurons (Figure 9F),
ruling out the possibility that all AMPARs were uniformly internal-
ized from the cell surface. Instead, this result suggests that
synaptic AMPARs may be shuffled to extrasynaptic membranes
during photostimulation-induced depression.
DISCUSSION
Network-wide increases in activity can trigger homeostatic plas-
ticity (O’Brien et al., 1998; Thiagarajan et al., 2005; Turrigiano
et al., 1998). However, it is unknown whether neurons can
homeostatically adjust synaptic strength in response to cell-
autonomous increases in activity. By using photostimulation to
cell-autonomously excite ChR2-transfected CA1 pyramidal neu-
rons, we demonstrated a compensatory postsynaptic depres-
sion of AMPAR- and NMDAR-mediated synaptic transmission.
Surprisingly, there is no compensatory increase in inhibitory
currents. The compensatory synaptic depression of AMPARs
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Figure 9. Photostimulation-Induced Synaptic Depression Requires the GluA2 AMPAR Subunit
(A–C) Scatter plots show AMPAR and NMDAR synaptic currents from pairs of ChR2-transfected versus control neurons photostimulated 24 hr, from wild-type,
GluA1 (gria1) knockout, and GluA2 (gria2) knockout mice, respectively. There is a significant depression of synaptic currents for photostimulated versus control
cells in all conditions except AMPAR responses in the GluA2 knockout. Scale bars represent (A) 50ms, 40 pA; 100ms, 25 pA; (B) 50 ms, 20 pA; 100ms, 30 pA; (C)
50 ms, 20 pA; 100 ms, 30 pA.
(D) Summary graph of data in (A–C).
(E) Left: AMPAR responsesmeasured in the presence of D-APV at70, 0 and +40mV in control and photostimulated neurons. Scale bar represents 50ms, 50 pA.
There is no significant change in rectification index, the ratio of responses at +40 mV and 70 mV, between control and ChR2-transfected, photostimulated
neurons.
(F) Glutamate-evoked AMPAR currents in somatic outside-out patches from control and ChR2-transfected, photostimulated neurons. There is a significant
increase in current amplitude in patches from ChR2-transfected neurons. Scale bar represents 1 s, 100 pA.
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Cell-Autonomous Homeostatic Synaptic Depressionand NMDARs requires L-type voltage gated calcium channel
activity but does not depend on excitatory synaptic activity or
sodium spikes, indicating that the homeostatic depression is
solely sensitive to the calcium influx downstream of mem-
brane depolarization. Using molecular and pharmacological
manipulations, we found that compensatory synaptic depres-
sion requires CaMKK activation of CaMK4. Downstream of
CaMKK and CaMK4 activation independent pathways control
AMPAR removal and NMDAR removal; AMPAR but not NMDAR
removal requires transcription and protein synthesis, and
AMPAR removal specifically requires the GluA2 AMPAR subunit.
Chronic photostimulation of ChR2-transfected neurons in
organotypic slices offers several advantages over previous
approaches to the study of homeostatic plasticity in central
neurons. First, cell autonomous stimulation should avoid release
of the potentially complex cocktail of signals that is triggered
by perturbations of network activity states (Aoto et al., 2008;Stellwagen and Malenka, 2006). Second, the use of photostimu-
lation permits precise control over the strength and duration of
neural activity. Third, the use of paired whole-cell recordings in
organotypic slices rigorously controls for slice-to-slice variability
and allows direct measurements of synaptic transmission.
Cell-Autonomous Induction and Expression
of Compensatory Synaptic Depression in Pyramidal
Neurons
Our data show that activation of homeostatic sensors in
individual neurons is sufficient to generate a compensatory
response to elevated activity. Photostimulation initiated com-
pensatory synaptic depression even when network-wide syn-
aptic activity or spiking was blocked (Figure 3), indicating that
neither simultaneous activation of other cell types nor local
synaptic activity were required. Together with previous studies
demonstrating that suppression of activity in individual neuronsNeuron 68, 512–528, November 4, 2010 ª2010 Elsevier Inc. 523
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et al., 2002; Ibata et al., 2008), or that cell-autonomous perturba-
tions in activity modify intrinsic excitability (Turrigiano et al.,
1994; Grubb and Burrone, 2010), we conclude that cell-autono-
mous sensors bidirectionally detect activity perturbations and
initiate compensatory responses. In the brain, a cell-autono-
mous homeostatic mechanism has the advantage of curtailing
hyperactivity of individual neurons prior to the generation of
pathological network-wide hyperactivity. Although network-
wide enhancement of activity triggers homeostatic changes in
synaptic inhibition (Otis et al., 1994; Wierenga and Wadman,
1999), the compensatory synaptic modifications resulting from
cell-autonomous elevated activity are limited to depression of
excitatory synaptic function, since synaptic inhibition does not
change after 24 hr of cell-autonomous excitation (Figure 1).
Similarly, cell-autonomous suppression of activity does not alter
GABA transmission (Hartman et al., 2006). Intercellular sig-
nals between neurons or between nonneural cell types and
neurons may instead direct homeostatic adjustment of inhibitory
synapses.
Although cell-autonomous excitation is sufficient to elicit
synaptic homeostasis in CA1 pyramidal neurons, we cannot
exclude a requirement for developmental or permissive signaling
from glia or other cell types (Stellwagen and Malenka, 2006;
Goold and Davis, 2007). Additionally, although the homeostatic
sensor is cell-autonomous it remains possible that neurons
emit signals that act locally to depress postsynaptic function.
Diffusible retinoic acid has been proposed to play such a role
in homeostatic responses to activity blockade (Aoto et al., 2008).
Our data argue that the expression site of compensatory
synaptic depression is postsynaptic. Using two measures of
presynaptic release, no presynaptic changes were found in
chronically excited neurons (Figure 2; Figure S5). As further
evidence against presynaptic changes, the photostimulation-
induced depression of NMDAR responses can occur indepen-
dently of an AMPAR depression (Figures 5 and 9). Thus, both
the induction and expression site for compensatory synaptic
depression are contained in the postsynaptic neuron. Although
we found no evidence of retrograde modulation of presynaptic
release on to photostimulated neurons, it is equally possible
that the outputs of photostimulated neurons are regulated by
elevated activity. The decrease in excitability that we (Figure 1)
and others (Grubb and Burrone, 2010) observe in response to
cell-autonomous excitation might combine with compensatory
alterations in presynaptic release in the excited neuron to ensure
that excess activity does not propagate through the brain.
Homeostatic regulation of the synaptic outputs of a neuronmight
contribute to the observed compensatory modifications of
presynaptic properties of excitatory synapses in response to
network-wide perturbations of activity (Branco et al., 2008;
Murthy et al., 2001; Thiagarajan et al., 2005).
The prevailing model of synaptic homeostasis, predominantly
derived from studies of cortical neurons, holds that multiplicative
synaptic scaling globally modifies synaptic strength to preserve
information that is hypothesized to be stored in relative synaptic
weights (Turrigiano, 2008). However, themajority of the photosti-
mulation-induced synaptic depression we observe in CA1 pyra-
midal neurons, either elicited via photostimulation (Figure 2) or524 Neuron 68, 512–528, November 4, 2010 ª2010 Elsevier Inc.gabazine treatment of CaMKK-rescued neurons (Figure 8), can
be attributed primarily to reduced synapse number, not synaptic
strength. This finding is consistent with a study in vivo on hippo-
campal neurons demonstrating increased spine number after
chronic suppression of activity (Kirov and Harris, 1999) (and
see below discussion on changes in epileptic hippocampus).
The Homeostatic Signal in CA1 Neurons
In homeostatic systems, deviations in activity from a ‘‘set point’’
optimal level of activity lead to activation of sensors that initiate
compensatory changes (Davis, 2006). We and others (Thiagara-
jan et al., 2005) identify L-type calciumchannel activity as a proxy
for activity that activates sensors in synaptic homeostasis. More
specifically, our data suggest that the integrated sum of somatic
depolarization, in the form of L-type calcium channel activity,
governs compensatory synaptic depression. Spike activity is
not required, since TTX did not block compensatory synaptic
depression. We also found no evidence that local synaptic
depolarization or calcium influx is necessary for compensatory
synaptic depression, since blockade of either NMDARs or
AMPARs did not block the depression. There was a nonsignifi-
cant trend toward increased photostimulation-induced depres-
sion in NBQX and APV treated slices, suggesting that a
potentially exacerbated difference in activity between control
and photostimulated neurons evoked a larger depression in pho-
tostimulated neurons. However, these data should be viewed
with some caution, since a fraction of the decrease in transmis-
sion in photostimulated neurons might in principle result from
reversal of any synaptic upregulation induced by activity
blockade. In contrast, blockade of L-type calcium channel
activity prevented the compensatory synaptic depression that
was induced either by photostimulation (Figure 4) or by elevated
synaptic activity (Figure 8). L-type channels are well suited to
integrate somatic depolarization because of their graded activa-
tion near restingmembrane potentials, slow inactivation kinetics,
and high levels of expression in the soma and proximal apical
dendrites (Magee et al., 1996; Westenbroek et al., 1990).
CaM Kinases and Synaptic Homeostasis
During neural activity, calcium binds calmodulin, which in turn
activates CaM kinases (Wayman et al., 2008). Local synaptic
calcium influx is thought to trigger synaptic strengthening
through activation of CaMKII and other kinases (Lisman et al.,
2002). Our data (Figure 6) and other studies (Sanhueza et al.,
2007) further indicate that CaMKII activity is essential for normal
synaptic strength. Although activity modifies the differential
expression of CaMKII isoforms, which in turn regulates CaMKII
properties (Thiagarajan et al., 2002), selective inhibition of
CaMKII did not interfere with photostimulation-induced depres-
sion (Figure 6). This suggests that, during chronic cell-autono-
mous excitation, CaMKII functions independently of global
homeostatic sensors.
To explain the homeostatic synaptic depression due to
chronic calcium influx, our results instead delineate a molecular
pathway that begins with calcium influx activating CaMKK,
which in turn activates CaMK4 and other factors. Thus, CaMKK
and CaMK4 appear to be components of a homeostatic sensor
in pyramidal neurons. In support of this conclusion, the CaMKK
Neuron
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depression; the synaptic depression can be restored by expres-
sion of a STO-609 insensitive CaMKK (Figure 7). Similarly, in
conditions of network-wide elevated synaptic activity there is
a CaMKK-dependent compensatory postsynaptic depression
of AMPAR and NMDAR function (Figure 8). We identified
CaMK4 as a target of CaMKK in compensatory synaptic depres-
sion, since expression of either shRNA against CaMK4 or domi-
nant-negative CaMK4, but not dominant-negative CaMK1,
blocked photostimulation-induced synaptic depression. CaMKK
and CaMK4 have been shown to be necessary for synaptic
scaling in response to inhibition of activity in dissociated neocor-
tical neurons, and inhibition of CaMKK with STO-609 was
reported to increase mEPSC amplitude in dissociated cortical
neurons (Ibata et al., 2008). Taken together with our demonstra-
tion of a block of compensatory synaptic depression by DN-
CaMK4, these results suggest CaMKK and CaMK4 are capable
of bidirectionally controlling homeostatic plasticity. However, in
our experimental system, we did not observe changes in syn-
aptic function upon inhibiting CaMKK in basal conditions
(Figure 8). One possibility is that CaMKK remains quiescent in
basal conditions in organotypic slices.
Although our data suggest that levels of CaMKK activation
control the magnitude of compensatory synaptic depression,
the same is not true for CaMK4. After 24 hr of elevated network
activity, neurons overexpressing CaMKK have reduced synaptic
transmission relative to control neurons (Figure 8). This result
suggests that the degree of CaMKK activation directly controls
compensatory synaptic depression. If CaMK4 were similarly
sufficient for compensatory synaptic depression, CaMK4 activa-
tion on its own should depress synaptic transmission. By con-
trast, expression of constitutively active CaMK4 enhances
AMPARandNMDARcurrents (Figure7) (Marie et al., 2005). These
data suggest that CaMKK activates both CaMK4 and other,
unknown factors to drive compensatory homeostatic depres-
sion, and that these downstream targets must act together to
mediate compensatory homeostatic depression. CaMKK/
CaMK4 activation has been implicated in late-phase LTP (Way-
man et al., 2008). In response to the calcium influx induced by
LTP protocols, CaMK4 activation may thus help maintain local
strengthening of synapses. During conditions of chronic global
calcium influx, CaMKK seems to activate both CaMK4 and other
factors that together control global downregulation of synapses.
It remains to be determined how the temporal structure, spatial
extent, ormagnitudeof calcium influxmight differentially regulate
the action of CaMKK and its downstream targets.
CaMK4 and other effectors modulate the expression of
numerous genes in response to L-type calcium channel activa-
tion (Dolmetsch et al., 2001; Murphy et al., 1991; Wayman
et al., 2008). Consistent with a role for transcription in compen-
satory depression, a long (24 hr) induction period was required
(Figure S1), and pharmacological inhibition of transcription or
translation blocked the AMPAR component of synaptic depres-
sion (Figure 5). This suggests that photostimulation induces tran-
scription and translation of molecules that execute the compen-
satory synaptic depression of AMPAR responses, such as Plk2/
serum-inducible kinase (Seeburg et al., 2008). It is less clear
which transcription factors might play a role in compensatorysynaptic depression. The best known target of CaMK4, the tran-
scription factor CREB, is thought to be activated by a combina-
tion of transient CaMK4 signaling and slower Ras-MAPK sig-
naling (Wu et al., 2001). However, inhibitors of MAPK signaling
did not block photostimulation-induced depression (Figure S3).
This result suggests either that sustained CaMK4 activation
evoked by photostimulation permits CaMK4 to maintain CREB
activation on its own, or that other CaMK4-modulated transcrip-
tional regulators mediate photostimulation-induced depression.
Parallel but Independent Homeostatic Regulation
of AMPAR and NMDAR Function
Although compensatory synaptic depression induces simul-
taneous spine elimination, AMPAR depression and NMDAR
depression, these processes can be dissociated in GluA2 knock-
out mice and conditions of transcription or protein synthesis
inhibition. Two conclusions can be drawn from these results.
First, synapseelimination is not upstreamofAMPARandNMDAR
depression, since synapse elimination would be expected to
simultaneously depress both AMPAR and NMDAR responses.
Second, although L-type channel activation, CaMKK function
and CaMK4 function are all required for both AMPAR and
NMDAR depression, molecular pathways diverge downstream
of these processes to regulate AMPAR and NMDAR removal.
The necessity of GluA2 but not GluA1 for AMPAR compensatory
synaptic depression (Figure 9) suggests that proteins selectively
binding GluA2 but not GluA1 or NMDARs, such as GRIP, PICK1,
or NSF are likely to mediate the removal of AMPARs from the
synapse during homeostatic plasticity (Bredt and Nicoll, 2003;
Song and Huganir, 2002). GluA2 knockdown also blocks the
synaptic scaling up that occurs in response to inhibition of activity
in dissociated culture (Gainey et al., 2009), suggesting a bidirec-
tional homeostatic role for a molecular pathway involving GluA2
and its partners. Although the calcium permeability of GluA2-
lacking AMPARs might alter basal calcium levels in GluA2
knockout mice, it should be noted that GluA2 knockout mice
express normal hippocampal LTD and LTP (Meng et al., 2003).
Therefore, the block of homeostatic plasticity in these mice
cannot be explained by a general defect in plasticity.
AMPAR transmission contributes the majority of excitatory
drive to pyramidal neurons, and compensatory AMPAR depres-
sion might be expected to reduce excess neural firing. The func-
tion of NMDAR depression is less obvious. Since NMDARs are
blocked by Mg2+ at resting membrane potentials, NMDARs
have traditionally been viewed as detectors of coincident pre-
and postsynaptic activity that gate plasticity and functional
synapse development (Bredt and Nicoll, 2003). Beyond plas-
ticity, however, NMDAR EPSPs facilitate during repetitive stimu-
lation (Cash and Yuste, 1999) and boost larger single EPSPs
(Schiller et al., 2000). Thus, NMDAR depression may contribute
to weakening excitatory drive after photostimulation-induced
depression.
Homeostatic Synapse Elimination in Epilepsy
Pathological conditions of excess activity might be expected to
trigger homeostatic processes. A reduction in spine density has
been widely documented in human temporal lobe epilepsy
(Isokawa et al., 1997; Scheibel et al., 1974) yet little is knownNeuron 68, 512–528, November 4, 2010 ª2010 Elsevier Inc. 525
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spine density or whether it involves intercellular or intracellular
signaling (Swann et al., 2000). In light of the results presented
here, it is tempting to speculate that a cell-autonomous compen-
satory response to chronic excitation explains the spine loss
observed in epileptic brains.
EXPERIMENTAL PROCEDURES
Slice Culture and Photostimulation
Organotypic hippocampal slice cultures were prepared fromP6-8 rats or mice,
as described in the Supplemental Experimental Procedures. Slices were biol-
istically transfected with DNA constructs after 2–3 days in vitro (DIV) and
recorded after 6–10 DIV. For photostimulation, 8–12 slices were consolidated
on a culture plate insert and illuminated with a collimated blue light-emitting
diode (470 nm) (Thorlabs). Manufacturer lists total beam power as 195 mW,
beam area 1963 mm2.
Electrophysiology
Simultaneous dual whole-cell recordings and data analysis were performed
as described in the Supplemental Experimental Procedures. Briefly, AMPAR
andNMDAREPSCswere isolated with 100 mMpicrotoxin and 10 mMgabazine.
TTX (0.5–1 mM) was added to isolate mEPSCs. For MK-801 NMDAR
decay experiments, solution containing 40 mM MK-801 was perfused over
the slice for 5–10 min while cells were held at 70 mV. For rectification
experiments cells were recorded in 100 mM D-APV and GABAR blockers.
Rectification index was calculated according to the formula: ((I+40 mV – I0 mV)/
40)/((I0 mV – I70 mV)/70), where I = AMPAR current. ChR2 expression level
(Figure 5) was measured using pulses of light by gating mercury arc
lamp fluorescence through a 403 objective with a Uniblitz shutter or by manu-
ally engaging blue filter. Photocurrents were measured >50 ms after light
onset.
Anatomy and Imaging
Pairs of control and ChR2-expressing cells in the same slice were filled with
intracellular solution containing Alexa Fluor 488 for 5–10 min, then fixed and
imaged. For experiments in Figure S1 and Figure S2, cells were cotransfected
with ChR2 and EGFP; slices were fixed and immunostained.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found with this article online at doi:10.1016/
j.neuron.2010.09.020.
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